In chest tomosynthesis (TS) the most commonly used reconstruction methods are based on Filtered Back Projection (FBP) algorithms. Due to the limited angular range of x-ray projections, FBP reconstructed data is typically associated with a low spatial resolution in the out-of-plane dimension. Lung nodule measures that depend on depth information such as 3D shape and volume are therefore difficult to estimate.
INTRODUCTION
Tomosynthesis (TS) is a 3D imaging technique that uses multiple radiographic images taken from an X-ray source placed at several positions [1] . The technique has similarities with Computed Tomography (CT), but among the differences is that a limited angular range of x-ray projections is used. Furthermore, the TS-radiation dose has been shown to be substantially lower than the radiation dose in conventional chest CT [2] , which makes TS an interesting alternative to CT. In chest radiology the reconstructed volumes are used for e.g. detection of pulmonary nodules and for estimation of volume and growth rate of nodules [3] . The characteristic called "volume doubling time" (the interval it takes for a nodule to double in volume) is of particular interest as it is regarded as critical for cancerous nodules. The correct estimation of nodule size and shape is thus important in clinical practice [4] .
In TS, contrary to CT, the correct estimation of nodule shape and volume may be difficult due to the low depth resolution resulting from the limited angular range of the projections and limitations in the reconstruction techniques [5, 6] . It would be desirable if the reconstructed voxel values would represent a true 3D distribution of x-ray attenuation. However, this is often not the case. In particular, in the commonly used TS reconstruction method Filtered Backprojection [7] is not obvious how to relate the reconstructed voxel values to the investigated tissue properties.
An attempt to make the FBP reconstructed images quantitative and relate them to tissue properties was performed by Shafer et al. [8] , in the context of breast tomosynthesis. They studied the reconstructed voxel values (VVs) as a function of tissue glandularity for different x-ray tube energies and different beam exposure levels, using cuboidal phantoms, and reported linear relations between VVs and the investigated parameters. There exist methods for automated 3D nodule segmentation and nodule growth rate estimation for conventional CT, see e.g. Reeves et al. [9] . However, to the authors' knowledge there exists no method that correctly performs the nodule segmentation in 3D for the FBP-based TS reconstruction. A study of lung nodules in tomosynthesis was done by Orbán et al. [10] in the context of nodule detection, but no nodule segmentation was performed. Arvidsson et al. [11] presented a method of automated nodule shape estimation, but the work was limited to in-plane segmentation and no attempt at shape estimation in 3D was made.
The purpose of the present paper was to perform an initial investigation of the possibility to predict the out-of-plane lung nodule elongation in tomosynthesis images. To achieve this we extend the study in Shafer et al. [8] and investigate the relations between the reconstructed VVs and a number of input parameters such as tissue attenuation and tissue shape. We simulate nodules of different shapes and study resulting reconstructed VVs as a function of nodule size and elongation, for different attenuation coefficients. As the reconstructed volumes are dependent on a particular 3D-reconstruction technique, we limit the experiments in this work to the conventional FBP reconstruction technique [12, 13] only, commonly used at clinical practice.
The found relations show that the voxel value in each nodule increased approximately linearly with nodule elongation, for nodules with a constant attenuation coefficient. Similarly, the voxel value increased approximately linearly with inplane diameter. These observations indicate the possibility to predict the nodule elongation from the reconstructed voxel intensity values. The found relations may be useful in future work on volume and growth rate estimation of lung nodules.
METHODS
In this section we briefly describe the shape of simulated nodules, the tomosynthesis system used in the study and the setup of the reconstruction experiments.
Nodule simulation
The simulated nodules of spheroidal shape (see Figure 1) were inserted into the raw-data TS projection images, before reconstruction of the resulting section images. The nodules were positioned at the desired location in 3D space and projected into the raw-data projection images of the TS acquisition, according to Svalkvist et al. [14, 15] . 
Tomosynthesis system and reconstruction
The clinical images used in this study were acquired using the TS system GE Definium 8000 X-ray system with VolumeRAD software (GE Healthcare, Chalfont St. Giles, UK). The system collects 60 low-dose projection images within approximately 10 seconds. The detector position is fixed, whereas the X-ray tube performs a vertical movement relative to the standard orthogonal posteroanterior (PA) projection. The projection images are collected in the angular interval of to . The focus-detector distance is 180 cm in the PA projection. The detector size is 2022 × 2022 pixels, with a pixel size of 0.2 × 0.2 mm 2 . The focal spot size is 1.25×1.25 mm 2 . Reconstruction was performed with 1 mm slice interval using the software VolumeRAD, which incorporates a 3D view-weighted cone-beam filtered back projection (3D VW FBP) algorithm [12, 13] .
The geometry of the tomosynthesis system used in our simulation experiments is shown in Figure 2 . 
Reconstruction experiments
Two reconstruction experiments were performed, with nodules positioned in (1) noiseless background and (2) clinical/anatomical background: Case (1) Synthetic spheroidal nodules with diameter of 4, 5, 6, 7, 8 mm and varying z-axis factor, inserted in a noiseless background.
Case (2) Synthetic spheroidal nodules with diameter 7 mm and varying z-axis factor, inserted in a clinical data with anatomically homogeneous background (see Figure 3) . The choice of diameter value of 7 mm was motivated by the fact that such a nodule has a volume in the middle of the range of 100-300 mm 3 , which is regarded as the clinically most relevant range for follow up [16] .
The elongation of the nodules (z-axis factor) in both cases varied with 0.5, 0.7, 0.8, 1.0, 1.2, 1.4, 1.5, 1.7 and 2.0. The nodule attenuation coefficients 0.017, 0.023 and 0.027mm -1 were used. The computer simulations were done using Matlab [17] and Rhinoceros [18] software. Figures 4-8 demonstrate that the nodule intensity (voxel value) was dependent on nodule size in the central X-Y plane, nodule elongation along z-axis, and nodule attenuation coefficient. They also show the ambiguity between the nodule attenuation coefficient and nodule elongation. In both cases (noiseless and clinical/anatomical) the VVs increased approximately linearly with nodule diameter, nodule elongation and nodule attenuation coefficient. The sectional YZimages (Figures 6, 7) show that the nodule shape in the depth direction is hidden in the high intensity rhombus-like structure and not easy to be used for inferring the nodule elongation. However, the regression relations presented in this section suggest that in some circumstances they can be used for nodule growth rate estimation. Consider the following scenario:
RESULTS AND DISCUSSION
Time-1: -a potential nodule is detected at some position in the patient's chest -the position and diameter of the nodule in the central plane is estimated from the TS-reconstructed volume -a number of nodule simulations are done to obtain regression curves and surfaces (such as in Figure 8 ) for this particular nodule position and the patient z x y y Time-2: -the same nodule is observed at the next TS-investigation -the intensity and nodule diameter is estimated from the reconstructed central plane of the nodule -the regression curves are used to estimate the nodule shape, depending on different assumptions (e.g. constant attenuation factor of the nodule) -the nodule volume is used to estimate the nodule grow rate For example, for an attenuation equal to 0.017 mm -1 , a change in VV by 50 units corresponds to an increase in nodule elongation by approximately 0.4 (Figure 8 ), which in turn corresponds to a change in nodule volume by a factor of 0.4 (40%) as well, since the theoretical value for volume of a spheroidal object is equal . This calculation requires that the attenuation coefficient of the nodule is the same at the two time points and that the TS system is linear in the sense that, apart from stochastic fluctuations, the same input at two different time points results in the same output.
It should be noted that no attempt at evaluating the method of estimating nodule growth presented above was made, and the present work should be seen only as presenting a possible basis for such a method, Also, whether the simulations needed to obtain relevant regression curves and surfaces can be performed based on clinical data remains to be seen. Nevertheless, several possible difficulties may already be foreseen. The current study takes into account spheroidal nodules only. An additional simulation study may be needed to evaluate whether the current results using spheroidal nodules may be useful for volume and growth rate estimation of other nodules. Also, the simulation of nodules in nonhomogeneous anatomical backgrounds will be required for more real-case scenarios. The system transfer function and scattering were not considered in our simulations. The scattering would decrease the contrast between lesions/nodules and background and reconstructed VVs would be lower. It should also be emphasized that the presented results are valid only for the particular FBP-reconstruction method and its implementation. Another difficulty for practical use of the found regression curves may be related to the calibration problem: how to acquire two or more TS scans with the same scanner parameters. Similar regression curves could be found directly from the individual projection images where the nodule pixel values are directly related to the x-rays path length and attenuation. However, this would require selection of projection images where the nodule is not hidden by other anatomical structures. In addition, it is much more difficult to detect small nodules on the individual projection images in a noisy anatomical background.
CONCLUSIONS
It was found that the voxel values of reconstructed spheroidal nodules in a noiseless background vary depending on outof-plane elongation for nodules with constant attenuation coefficient. A similar relation was found for nodules simulated in an anatomically homogeneous background in clinical data. The results indicate the possibility of basing a method of estimating nodule elongation on reconstructed voxel intensity values. Such a method would represent a quantitative approach to chest tomosynthesis that may be useful in future work on volume and growth rate estimation of lung nodules.
